Weakly interacting massive particle (WIMP) hypothesis is the leading paradigm for dark matter (DM). In this work, we show that if the WIMP DM are produced thermally in the early Universe, its production can result in a suppression of tensor-to scalar ratio of CMB anisotropies, r. We find that, while the location of the suppression is solely determined by the particle mass of DM, the strength of such suppression also relies on how Universe is reheated. Therefore, we establish an underlying link among DM, primordial gravitational wave (PGW) and cosmic reheating, which yields a novel relation between mχ and r within a typical reheating process. For instance, with TR f = 10 12 GeV and Γ0 = 10 9 GeV for cosmic reheating, if PGW is detected at r = 0.6 × 10 −3 in a future search, the particle mass of DM is predicted to be mχ = 10 3 GeV.
Introduction.-The particle nature of dark matter (DM) is the leading question in modern physics and astronomy. The WIMP paradigm is the leading DM theory, which predicts that DM particles self-annihilate with a thermally averaged cross-section around 10 −39 cm 2 . However, the particle mass of DM, m χ , is undetermined (see [1] for a recent review). Thus we are motived to explore new methods to constrain m χ in the WIMP paradigm.
In traditional WIMP paradigm, DM freezes out from thermal equilibrium with a relic abundance being accountable for its non-luminous gravitational effects. Advocated by the robustness of freezing-out mechanism, the thermal equilibrium is, plausibly, thought as a good initial condition for WIMP DM evolution. However, the details about how WIMP DM are produced to attain thermal equilibrium at the very first stage of Universe is still unclear [1] . Especially, we may ask that is any observable gravitational effect originated from the process of WIMP DM production?
In this work, to initiate a study of this question, we consider a simple scenario that WIMP DM particles are produced thermally in couple with the hot plasma filling cosmic background. By performing a detailed analysis of the production process for a specific model of WIMP DM, we find that the fluctuations of spacetime induced by the pair productions of WIMP DM particles are increasingly accumulated during this out-of-equilibrium phase. As a result, it amplifies the scalar mode of metric perturbation and, eventually, suppresses the tensor-to-scalar ratio of CMB anisotropies (see [2] for the similar features in non-thermal DM scenario). More notably, we find that, for WIMP DM, the spatial scale of the suppression is solely determined by the particle mass of DM and the strength of such suppression also relies on how Universe is reheated.
Therefore, we established an underlying link among DM, primordial gravitational wave (PGW) and cosmic reheating, which yields a novel relation between m χ and r within the typical reheating process. For instance, with
12 GeV and Γ 0 = 10 9 GeV in reheating process, if PGW is detected at r = 0.6 × 10 −3 in a future search, the particle mass of DM is predicted to be m χ = 10 3 GeV. A Sketch of WIMP Paradigm -Since the particle nature of DM is still a mystery, to facilitate our analysis within WIMP paradigm, we consider the simplest model that bosonic DM particles χ are produced thermally in the early universe through the minimal coupling L = λφ 2 χ 2 , to the light scalar particles φ. In FIG.1 , we illustrate the cosmic evolution of DM abundance in WIMP paradigm.
The abundance evolution of φ (solid curve) and DM χ (dash-dotted curve) after the inflation (shaded region) in the WIMP paradigm. The dotted and dashed curves denotes the thermal equilibrium abundances of φ and χ respectively. Inside the black dotted box is the region on which transitional WIMP paradigm focus.
In the standard cosmological model, at the end of inflation, the inflaton ϕ decays into the particles among the Standard Model(SM) of Particle Physics and reheats the Universe to the highest temperature, T R f ≡ T (t R f ). Then Universe evolves into the radiation-dominated expansion. As illustrated in FIG.1 , φ and χ are produced since the onset of the cosmic reheating (t Ri ≤ t ≤ t R f ).
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As φ is light and tightly coupled to the hot plasma filling the Universe in our setup, it can attain thermal equilibrium before t = t R f and then track it. And for a typical cosmic reheating process, DM attains thermal equilibrium at t = t eq χ > t R f , and it freezes out around t = t f o . Specifically, integrating Boltzmann equation that governs the DM evolution in early Universe, one obtain the abundance of DM during y R f ≤ y ≤ 1 [3] ,
where y ≡ m χ T −1 and Y ≡ nT −3 with T and n being the temperature of cosmic background and the number density of particles respectively. As the Universe is fully thermalized at t = t R f , we can use y instead of t for t ≥ t R f . In particular, y R f is the value of y at t = t R f . And since the Hubble parameter scales as H ∝ y −2 during this radiation-dominated era, H m ≡ Hy 2 is a constant and the dimensionless parameter κ ≡ m
is also a constant, where σ 0 is the reduced thermally averaged cross-section. And
where the superscript eq labels the quantities evaluated at thermal equilibrium, and σv is the thermally averaged cross-section, σv = σ 0 y 2 /4 for y ≤ 1 and
Then DM tracks the thermal equilibrium in the radiationdominated expansion, and at y = 1, DM freezes out with the relic abundance,
Then by imposing the current value of the energy density contribution from DM, Ω χ = 1.18 × 10
26, we can re-derive the well-known prediction from WIMP paradigm, σ 0 = 0.3 × 10 −39 cm 2 (c.f. Eq.(3.60) in [4] ). However, m χ can not be determined by analyzing the relic abundance.
Therefore, to determine m χ in WIMP paradigm, other gravitational effects of DM, which is beyond that from its relic abundance, should be considered.
Gravitational Effect Resulting From DM production. -While DM is out of thermal equilibrium, a pair production of DM particles, φ + φ → χ + χ, can generate a small local fluctuations of spacetime, ∆Φ i , as illustrated in FIG.2. Such fluctuations not only record m χ but also, slightly, change the metric perturbation [2] . Therefore, by measuring the changes of metric perturbation ∆Φ = i ∆Φ i , one can essentially determine m χ . Now we only need to compute ∆Φ resulting from the production of WIMP DM (y R f ≤ y ≤ y eq χ ). By following 
the method presented in [2] (c.f. Eq. (8)), we find that the super-horizon scalar modes of metric perturbation, Φ(y) = Φ ϕ + ∆Φ, takes
is short for the super-horizon Fourier modes of Φ( x, t) with the metric being taken in conformal Newtonian gauge, g µν = {−1 − 2Ψ( x, t), a 2 (t)δ ij [1 + 2Φ( x, t)]}, and Φ ϕ is the initial value of Φ(y) at y = y R f .
At y = y eq χ , DM attains thermal equilibrium. Since then any ∆Φ i generated from the pair productions of DM, φ+φ → χ+χ, is cancelled exactly by its counterpart, ∆Φ i , from χ+χ → φ+φ. So the amplification of Φ ceases,
where y eq χ = 2π 2 κ −1 is used in the last step. In FIG.3, we plot the evolution of Φ(y) during and after DM production by using Eq.(3) and Eq.(4). As shown in FIG.3 , we find that Φ(y) is amplified during DM production, and if the spectrum of Φ ϕ is scale-invariant -as expected in the standard inflationary cosmology [4] , such amplification of Φ(y) does not undermine the desired scale-invariance of its power spectrum on large scale. More notably, there are two other salient features for WIMP: 1) the amplification of Φ(y) ceases at y = y eq χ = 2π 2 κ −1 , which only depends on the m χ ; and 2) the final value of Φ(y)/Φ ϕ only depends on Y R f . At next section we will show the implications of these two features for the suppression of tensor-to-scalar ratio.
The suppression of the tensor-to-scalar ratio. -As the fluctuations of spacetime resulting from DM production are the scalar quasi-particles, they only contributes to Φ(y) rather than the tensorial part of metric perturbations, h. Therefore, as illustrated in FIG.4 , the tensorto-scalar ratio of metric perturbations should be strongly suppressed during DM production,
where the curvature perturbation in comoving gauge takes ζ = 3 2 Φ in this radiation-dominated era. In standard inflationary cosmology [4] , the power spectrum of ζ takes P ζ =
2 , the spectrum of PGW -the tensorial part of metric perturbation -takes
2 , and the slow-roll parameter takes 0.01 with n s 0.96 [5, 6] . As shown in FIG.4 , the suppression of r relies on κ and Y R f . Physically, it implies that 1. The suppression completes until y = y eq χ ∝ κ −1 . Therefore, the tensor-to-ratio for shorter wavelength modes of perturbations, which re-enter horizon before y = y eq χ , get less suppression, while it for longer wavelength modes get full suppression. Thus by using horizon crossing condition, kη = 1, we can translate the suppression to be in terms of spatial scale, r(y) = r(k −1 ), where η ∝ ym
is the conformal time defined in this radiationdominated era (for the relation between η and y, see Eq.(3) in [2] ). It turns out the suppression of the tensor-to-scalar ratio is sufficient only at/above k −1 ∝ y eq χ (m χ )/m χ . As we expect, this critical scale k −1 is solely determined by m χ . To summarize this point, we want to emphasise that a) the critical scale is much smaller than the scale of PGW being searched in CMB anisotropies. So the discussion about PGW at following is irrelevant to k −1 ; and b) more notably, the suppression of tensor-toscalar ratio above this critical scale, reversely, implies a suppression of linear matter perturbation below k −1 (for example, see [7] ), which may leave some interesting traces to be probed in future.
2. The strength of the suppression, r y→1 /r y→0 only depends on Y
. For a specific value of m χ [11], the strength is only relying on the process of reheating (see Eq. (2)). Or, reversely, in a specific reheating process, m χ can be fully determined by the strength of such suppression -as we will show at following.
For the interest of PGW imprinted in CMB anisotropies, we focus on the long wavelength modes of perturbation which re-enter horizon after DM freezingout at y ≥ 1. For them, r takes
Back to Cosmic Reheating. -According to Eq.(6), the final value of r on large scale only depends on the value of Y R f . Simplifying Eq.(2) during t Ri ≤ t ≤ t R f , we obtain
which relies on how the Universe is reheated, i.e. T = T (t) during t mχ ≤ t ≤ t R f . However, the reheating process is quite modeldependent [9] . To proceed our analysis, we consider a typical process of reheating. We assume that, at the end of inflation (t = t Ri ), the inflaton ϕ decays into SM particles with a constant effective dissipative rate Γ 0 , dρϕ dt + 3(1 + w ϕ )Hρ ϕ = −Γ 0 ρ ϕ , where w ϕ is the equation of state of ϕ. If the reheating process is efficient, Γ 0 3(1 + w ϕ )H, the equation of ρ ϕ simply takes,
And according to the conservation law of the energy densities for all species, i dρi dt + 3(1 + w i )ρ i = 0, we have
where the subscript γ are used to denote all relativistic SM particles. On the other side, ρ γ can be expressed as
where g * 90 is the effective number of relativistic degrees of freedom in this phase.
Then by solving Eq. (8), Eq. (9) and Eq. (10), and substituting their solutions into Eq. (7)[12] , we get
And substituting it into Eq.(12), we obtain 12 GeV and Γ 0 = 10 9 GeV, if in future PGW is detected at r = 0.6 × 10 −3 , m χ is predicted to be 10 3 GeV. As shown in FIG.5 , there is a feature that, within a specific reheating process, larger m χ implies larger value of r. The reason is that, larger m χ implies less number of DM particles being produced during the reheating process, which gives smaller Y −1 R f (see Eq.(11)) and, consequently, results in weaker suppression of r ( see FIG.4 ). In particular, if m χ is large enough, the suppression of r is even negligible, see m χ > 10 4 GeV for the curve with T R f = 10 12 GeV and Γ 0 = 10 9 GeV in FIG.5. To sum up, even though all illustrated examples are well in the 95% confidence region of the latest measurement of the tensorial part of CMB anisotropies in Planck 2015 [6] , potentially they are distinguishable in a future search of PGW -it may impose a concrete constraint on m χ and the reheating process.
Conclusions. -In this work, by investigating the gravitational effects originated from the pair production of DM particles, we find that WIMP DM production in the early universe can result in a strong suppression of the tensor-to-scalar ratio of CMB anisotropies. We show that the strength of such suppression not only depends on the particles mass of DM, but also relies on how the Universe is reheated after inflation. Thus we establish a new link among DM, PGW and cosmic reheating, which yields a novel relation between m χ and r within the typical reheating process. As an illustration, we show that in the reheating process with T R f = 10
12 GeV and Γ 0 = 10 9 GeV, m χ is predicted to be 10 3 GeV if PGW is detected at r = 0.6 × 10 −3 in a future search. At the end, we highlight two implications of this work for further study: 1) New Inflation Model As shown above, WIMP DM production, generically, results in smaller r. It implies that the energy scale of inflation may be lower than the traditional expectation, e.g. the scale of grand unification theory. In this sense, new inflation models in low energy scale may become viable following current surveys of CMB anisotropies and the large scale structures; and 2) In this work, we only consider the simplest case that the bosonic DM is produced thermally through the minimal coupling in the standard cosmological model. However, it can be straightforwardly generalized for the alternative DM candidates within the alternative cosmological models, e.g. [10] , in the further studies.
